Background and purpose Radiation-esophagitis and weight loss are frequently observed toxicities in patients treated with concurrent chemo-radiotherapy (CT-RT) for non-small cell lung cancer (NSCLC) and might be related. The purpose was to investigate whether weight loss already starts early after initiation of CT-RT and precedes radiation-esophagitis.
esophagitis [11, 17] . Therefore, according to current treatment guidelines, only patients with minimal comorbidity and with a good performance status are considered eligible for concurrent CT-RT [5] .
Concurrent CT-RT in NSCLC generally consists of one induction cycle of chemotherapy, which is followed by a 5-week period of concurrent CT-RT. Acute esophagitis develops during the administration of RT. Patients experience dysphagia, which continues to get worse up to 2 weeks after the end of CT-RT, with healing within 4-8 weeks. Severe (grade 3 or more) dysphagia is observed in about 25 % of patients treated with concurrent CT-RT and when taken any grade into account, over 80 % experience difficulties in swallowing [6] . Intuitively, the frequently observed body weight loss during concurrent CT-RT is a result of impaired dietary intake due to dysphagia [24] . However, alternatively, induction of systemic metabolic alterations by the intense treatment regimen could deplete body mass by altering neuroendocrine regulation of dietary intake and/or wasting of fat and muscle body compartments [12] . Because these alternative mechanisms might require different (co)interventions, the exact time course and etiology of body weight loss during CT-RT should be identified to optimize patient care [20, 21] .
Based on clinical observations, we hypothesized that body weight loss starts early after initiation of therapy and precedes the presence of esophagitis. Since no published data on this clinically relevant problem is to the best of our knowledge available, we assessed weekly body weight changes during concurrent and sequential CT-RT for NSCLC and correlated this with esophagitis scores in a retrospective cohort. The findings in the retrospective cohort were validated in a prospective study design, in which body weight and esophagitis scores were assessed over a longer time period, i.e. prior, during and following concurrent CT-RT for NSCLC, and additional data on nutritional intake, muscle strength and quality of life was collected.
Patients and methods

Study population
Outcome parameters were determined in a retrospective cohort and prospective study (Fig. 1) . A schematic representation of the study points in the retrospective cohort is depicted in Fig. 2a and of the prospective study in Fig. 2b . Please see the supplementary data for details on inclusion criteria, study population characteristics and ethical guidelines of the study.
Chemotherapy
Chemotherapy was administered according to national and international guidelines. Generally, patients received one or more cycles of induction therapy followed by RT alone, i.e. sequential CT-RT, or RT in combination with CT, i.e. concurrent CT-RT. Please see Table 2 for an overview of the respective CT types used. Standard dose reduction rules were applied for all CT schemes if indicated. Cycles were repeated every 21 days.
Radiotherapy
RT techniques have been described previously [7, 22] . Please see the supplementary data for a short description. Patients in both the retrospective and prospective cohort treated with concurrent CT-RT received on the same target volumes first 45 Gy, delivered in twice-daily fractions of 1.5 Gy with at least 8 h of inter-fraction interval, followed by once-daily fractions of 2 Gy until a pre-defined normal tissue constraint was reached, being a mean lung dose (MLD) of 19±1 Gy or a spinal cord maximal dose of 54 Gy. The maximal allowed dose was 71 Gy. Patients treated with sequential therapy received twice-daily 1.8 Gy until the normal tissue constraints reported in the supplementary data were reached.
Toxicity scoring
Toxicity of treatment was assessed by a radiation oncologist using the Common Terminology Criteria for Adverse Events version 3.0 (CTCAEv3.0). According to the CTCAEv3.0, treatment-induced dysphagia and esophagitis are almost similar. For consistency, the problems with swallowing and dietary intake associated with concurrent or sequential CT-RT are referred to as esophagitis. According to the CTCAEv3.0, esophagitis causes changes in dietary intake from grade 2 on. In order to study effects of esophagitis on dietary intake, esophagitis scores were therefore further referred to as grade <2 or ≥2. Esophagitis scores were collected at the time points depicted in Fig. 2. 
Nutritional intake
In the prospective study, dietary intake was calculated using a 24 h dietary recall assessment at the time points indicated in Fig. 2b . Energy and macronutrient intake were calculated according to Netherlands Nutrition Centre guidelines (www. voedingscentrum.nl).
Muscle strength
In the prospective study, hand and quadriceps muscle strength was assessed at the time points indicated in Fig. 2b (when physical condition of patients allowed it). Hand muscle strength was assessed using a hand grip meter. Isometric and isokinetic strength of quadriceps muscle was measured by Biodex dynamometer (Biodex system version 3.3). Please see the supplementary data for a description of the muscle strength assessment procedure.
Quality of life
For the evaluation of the quality of life in patients in the prospective cohort, the European Organisation for Research and Treatment of Cancer (EORTC) quality of life questionnaire C30 (QLQ-C30) was used. Data on quality of life was obtained at the time points indicated in Fig. 2b. 
Statistical analysis
Data was analysed using SPSS version 15.0. For descriptive statistics, results are expressed as means±standard deviation (SD). P values lower than 0.05 were considered statistically significant.
In the retrospective cohort, continuous variables were compared using an independent samples T test. The Pearson chi-square test was used for comparing categorical variables. Associations between body mass index (BMI; body weight corrected for height) changes during concurrent or sequential CT-RT and a number of clinical and treatment parameters (age, gender, World Health Organization (WHO) performance status, Charlson comorbidity index [3] , smoking incidence, duration of CT-RT (in weeks), mean lung dose (MLD), mean esophageal dose (MED), maximum spinal cord dose and grade esophagitis ≥2) were analysed with longitudinal data analysis by means of a linear mixed regression model. In the prospective data, paired sample T test was used for statistical analysis for outcome parameter comparison between specific time points.
Results
Retrospective cohort
Study population characteristics
Baseline characteristics of the study population are shown in Table 1 . No differences were observed between patients treated with sequential and concurrent CT-RT with respect to gender, height, body weight at diagnosis or at start of (CT)-RT, histology, TNM stage, Charlson Comorbidity Index and smoking incidence, whereas the mean age of patients treated with concurrent CT-RT was significantly lower than the age of sequentially treated patients (p=0.001).
Treatment characteristics
Treatment characteristics are depicted in Table 2 . Patients treated with concurrent CT-RT received one or two cycles of induction CT in 84.7 % of the cases. Induction CT in this group consisted in 82.2 % of cases of carboplatin or cisplatin combined with gemcitabine. The majority of patients (84.7 %) of concurrently treated patients received two cycles of cisplatin-based concurrent CT, combined with either vinorelbine or etoposide. Patients treated with sequential CT-RT received three cycles of induction CT in 89.8 % of cases. This induction chemotherapy consisted in 84.7 % of patients of carboplatin or cisplatin combined with gemcitabine ( Table 2 ).
The total radiation dose was 61.4±6.7 Gy (range 45-69 Gy) in the concurrent group and 59.2±10.8 Gy (range 20-79 Gy) in sequentially treated patients, which was not significantly different (Table 2) . Also, the mean lung, mean esophagus and maximal spinal cord dose did not differ between the two groups (Table 2) .
Body weight loss during concurrent and sequential CT-RT
A significantly higher number of sequentially than concurrently treated patients showed a decrease in body weight during the period between diagnosis and start of (CT-)RT, which represents the induction chemotherapy period (p= 0.012; Table 3 ). However, the mean loss of body weight during induction chemotherapy was not significantly different between both study groups (p=0.736). From week 2 of (CT-)RT on, body weight loss was significantly more frequent in concurrently treated patients than in sequentially treated patients (p=0.005; Table 3 ). Also, the mean body weight loss, both in absolute values (Table 3) as well as calculated as percentage of total body weight ( Fig. 3a) , was significantly higher in concurrently treated patients in week 2 (p=0.002), week 3 (p=0.003) and week 4 (p=0.001) of (CT-)RT when compared to start of (CT-)RT.
Grade esophagitis during concurrent and sequential CT-RT
No significant differences were observed in the frequency of esophagitis symptoms during the first weeks of (CT-)RT between patients treated with sequential CT-RT vs. patients treated with concurrent CT-RT (Table 3 and Fig. 1 ). Because esophagitis grade ≥2 is associated with altered nutritional intake according to the CTCAE 3.0, longitudinal data analysis by means of a linear mixed model was performed to assess whether or not the observed body weight loss during concurrent CT-RT was associated with esophagitis grade ≥2. Associations between body weight loss and grade ≥2 esophagitis were tested in two separate models, one for patients treated with sequential and one for patients treated with concurrent CT-RT. BMI was used in these models to calculate associations between grade ≥2 esophagitis and body weight loss independent of height. No significant associations were observed between body weight loss and esophagitis grade ≥2 in the first 3 weeks of concurrent CT-RT (estimated effect=0.47, 95 % C.I.=−0.03-0.49, p=0.096), while significant associations were observed between body weight loss and esophagitis grade ≥2 in patients treated with sequential therapy (estimated effect=0.55, 95 % C.I.=0.28-0.82, p<0.001). In concurrently treated patients, significant associations were observed between decreases in BMI and duration of treatment (estimated effect week 2 = 0.28, 95 % C.I. = 0.14-0.43, p<0.001; estimated effect week 3=0.39, 95 % C.I.=0.16-0.61, p=0.001).
Prospective study
Study population characteristics
Baseline characteristics of the prospective validation group are shown in Table 1 .
Treatment characteristics
Treatment characteristics are depicted in Table 2 . Most patients (n=6) received one cycle of induction CT. The other patients did not receive any induction therapy (n=3). The type induction chemotherapy as well as the concurrent CT consisted of cisplatin combined with either vinorelbine (44 %) or etoposide (56 %). Patients received two cycles of cisplatin-based concurrent CT. Total concurrent radiation dose was 64.3±6.6 Gy (range 53-69).
Body weight loss during concurrent CT-RT
Data on body weight in the prospective cohort are shown in Fig. 3b and Table 3 . Body weight remained relatively stable between diagnosis and start of concurrent CT-RT. As Fig. 3b indicates, body weight loss started early after initiation of therapy (p=0.002) and the body weight reached its lowest level at the end of concurrent CT-RT (p<0.001). In the 4 weeks following CT-RT, body weight partly recovered but was still significantly lower than the body weight at diagnosis (p=0.003).
Grade esophagitis and nutritional intake during concurrent CT-RT
In Table 3 , it can be observed that the number of patients in the prospective analysis suffering from grade esophagitis that interferes with nutritional intake (grade ≥2) is low at 2 weeks after initiation of concurrent CT-RT (∼20 %) and increases in the later weeks of treatment (44 % in week 3 and 75 % in week 5). As in the retrospective analysis, the number of patients losing weight was consistently higher than the percentage of patients having grade esophagitis ≥2 (Table 3) . In the retrospective cohort, body weight loss during (CT-)RT is depicted relative to body weight at start of (CT-)RT. In the prospective cohort, the body weight is depicted relative to diagnosis Total dietary intake remained relatively stable until week 3 of CT-RT, albeit that the proportion of calories consumed from nutritional support was already significantly increased and the proportion of calorie consumption from regular diet was already decreased in week 3 of CT-RT (Fig. 4a) . Despite continuation of nutritional support, total calorie consumption further decreased to about -15 % at week 5 of CT-RT (statistically not significant from start of treatment; Fig. 4a ). After 4 weeks of follow up, total calorie intake was comparable to the dietary intake at diagnosis, though some patients still partly relied on supplemental nutrition. The findings in Fig. 4b , c indicated that macronutrient intake did not significantly alter during concurrent CT-RT, i.e. total carbohydrate, fat and protein intake (per kg body weight) was not significantly decreased during concurrent CT-RT (Fig. 4c). 
Physical performance during concurrent CT-RT
Patients demonstrated a significant decline in muscle strength in the first weeks of concurrent CT-RT (Fig. 5a ). For quadriceps muscle, the strength declined immediately after initiation of concurrent CT-RT and reached its minimum at week 2 of concurrent CT-RT (p=0.042; Fig. 5a ). For handgrip strength, the decline also started at initiation of concurrent CT-RT but the lowest muscle strength was observed at week 3 of CT-RT (p=0.002; Fig. 5a ). Both hand and quadriceps muscle strength improved in the 4 weeks following concurrent CT-RT and nearly reached the level of muscle strength at diagnosis at that time point.
In a similar pattern, global health score was decreased (p= 0.024) and fatigue score was increased (p=0.012) in the first weeks of concurrent CT-RT. Both global health and fatigue score improved in the 4 weeks following concurrent CT-RT (global health: p=0.438, fatigue score: p=0.200; Fig. 5b ).
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Discussion
In order to provide optimal care to patients being treated with concurrent CT-RT for NSCLC, the course of treatment-induced weight loss and its dependence on the most important acute dose-limiting side effect, i.e. esophagitis, needs to be determined. It is believed that weight loss and radiation-esophagitis are causally linked because esophagitis can lead to decreased dietary intake and subsequently, to loss of body weight [24] . However, no data on the incidence and pattern of weight loss or its association with treatment-induced esophagitis is available in patients treated with concurrent CT-RT for locally advanced NSCLC. In a large retrospective cohort in which patients treated with concurrent CT-RT for locally advanced NSCLC were compared to patients treated with sequential CT-RT, we show that loss of body weight is a common systemic complication of concurrent CT-RT, starts early after initiation of treatment and surprisingly and is independent of treatment-induced esophagitis in the first weeks of CT-RT. These data on early body weight loss were confirmed in a prospective validation study, i.e. body weight loss was also observed during the first 3 weeks of concurrent CT-RT in the prospective study population, while the number of patients suffering from grade ≥2 esophagitis was still low at that time and importantly, total caloric intake was not decreased. In addition, no correlations were found between weight loss and esophagitis until week 3 of concurrent CT-RT in the prospective cohort (data not shown). Combined, these findings suggest that processes different from esophagitis-induced nutritional intake problems may contribute to "early" body weight loss during concurrent CT-RT. The loss of body weight despite stable energy intake suggests that energy needs are increased, i.e. dysbalance between energy intake and energy expenditure leads to an energy deficit and subsequently, weight loss.
The observations in the prospective dataset further indicate that body weight progressively deteriorates from week 3 to 5 of concurrent CT-RT, together with an increase in patients exhibiting esophagitis grade ≥2. This 'late' body weight loss is accompanied by a significant decrease of spontaneous oral intake and increased reliance on supplemental nutrition. Although administration of supplemental nutrition prevents the total calorie intake to decline significantly, administration of supplemental nutrition is not sufficient to prevent further progression of body weight loss.
Another important finding in the current study is that after 4 weeks of completion of concurrent CT-RT, the body weight has not completely returned to the level at diagnosis. This, despite the fact that some of the patients are still using supplemental nutrition, indicates that body weight loss is a problem that extends over at least 2 months. Since significant body weight loss in cancer patients has been associated with negative effects on therapy response, survival as well physical as emotional wellbeing [8] , the weight loss during and following concurrent CT-RT requires intense management to prevent these negative consequences.
Our observations that body weight loss occurs frequently during concurrent administration of CT-RT are consistent with literature on body weight changes in concurrent CT-RT treatment regimens in other malignancies. Several studies in head and neck cancer show a decrease in body weight during concurrent CT-RT starting from the first week on and continuing in the weeks after concurrent CT-RT [13, 19] . These changes in body weight are also addressed in the Clinical Practice Guideline of the American Society of Clinical Oncology (ASCO) for Laryngeal Cancer [4] . In addition, comparison between radiation treatment alone and concurrent CT-RT in cervical cancer patients showed increased body weight loss during concurrent CT-RT [14] . However, none of these studies have addressed the etiology or systemic effects of this treatment-related body weight loss.
An observation in the current study that could be of importance for optimization of patient care is that the 'early' weight loss during concurrent CT-RT is accompanied by a significant decline in muscle strength. As muscle strength strongly correlates with muscle mass, it is possible that the early weight loss originates from a disturbed muscle protein turnover and subsequent loss of muscle mass, i.e. the balance between muscle protein synthesis and degradation is disturbed in favor of protein degradation. Undergoing the aggressive concurrent CT-RT treatment regimen may increase energy needs, which could induce catabolism and deplete muscle mass. Therefore, increased energy needs require adequate balancing by nutritional intake to maintain muscle mass. Yet, not only energy balance should be maintained but also specific attention is warranted to the role of dietary protein intake, as this can maintain muscle mass by stimulation of protein synthesis. However, the recommended protein intake between 1.2 and 1.5 g/kg body weight was not reached during the concurrent treatment regimen [15, 25] , which indicates that more aggressive supplementation of dietary protein is needed. More precisely, provision of branched chain amino acids (BCAA) might by indicated, since BCAA's can stimulate muscle protein synthesis downstream of muscle anabolic integrator Akt [23] and we recently reported an impairment in protein synthesis signaling at the level of Akt (as part of the anabolic PI3K/Akt/mTOR pathway) in muscle of cachectic cancer patients with NSCLC [16] .
Continuation of aggressive nutritional support during the 'late', esophagitis-associated weight loss (weeks 3-5 of concurrent CT-RT) seems plausible, as patients are at an even higher risk of dietary uncompensated muscle catabolism due to decreased esophagitis-related energy intake. Therefore, it seems conceivable to initiate aggressive nutritional support, possibly with specific amino acid formulation from the start of concurrent CT-RT to prevent or attenuate 'early' and 'late' weight loss associated with concurrent CT-RT. As simultaneous administration of exercise training or neuromuscular electrical stimulation significantly enhances the positive effects of nutritional support on muscle synthesis, these physical interventions should be considered as co-intervention [2] .
In conclusion, the current study shows that 'early' body weight loss is a common complication of concurrent CT-RT in patients with locally advanced NSCLC and is independent of decreased intake due to esophagitis. This suggests that other treatment-dependent metabolic alterations contribute to this 'early' weight loss. A further decline in body weight is observed during the later weeks of concurrent CT-RT, when the incidence of esophagitis increases, and body weight is still not totally recovered after 4 weeks post treatment. Since the 'early' body weight loss is accompanied by a significant decline in muscle strength, which may implicate active catabolism, more supportive and early initiated nutritional intervention, preferably combined with tailored exercise could be suggested to optimize concurrent CT-RT management. The efficacy of such interventions needs to be explored in adequately designed clinical trials.
